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 A behavior of Pd/ZnO catalysts in vapor-phase formic acid decomposition was 
investigated. 
 The kinetics of this reaction and methanol steam reforming were found to be similar. 
 The high selectivity of Pd/ZnO catalysts in H2 production (up to 99.3%) at 473 K was 
assigned to the formation of a PdZn alloy. 
 
ABSTRACT  
This is one of the first reports, which is related to hydrogen production through formic acid 
decomposition over Pd/ZnO catalysts widely used for methanol steam-reforming. These catalysts 
have been investigated in comparison with Pt/ZnO and Pd/Al2O3 catalysts as well as ZnO support. 
HAADF/STEM, XRD, XPS and DRIFTS in situ studies of the systems were performed. The 
measured catalyst activity corresponds to the following order: Pd/Al2O3Pd/ZnO>Pt/ZnO>ZnO. 
Among the studied catalysts, Pd/ZnO showed the highest selectivity to hydrogen (up to 99.3%). 
This was assigned to the formation of a PdZn alloy during the reductive pre-treatment of the 
catalyst. An increase of the pre-treatment temperature from 573 to 773 K led to a significant 
increase of the mean PdZn (PtZn) nanoparticle size. However, the catalyst activity did not change, 
but the selectivity to hydrogen increased. These features closely remind the behavior of Pd/ZnO 
catalysts in methanol steam reforming implying that the mechanism of formic acid decomposition 
involves the same key steps and active sites.  
 















Pd supported on ZnO attracts strongly attention of researchers as a catalyst for methanol 
steam reforming [1-7], methanol [1] and ethanol [8] dehydrogenation, methanol synthesis by 
hydrogenation of CO2 [9, 10] as well as a catalyst for hydrogenation of organic compounds [11]. 
Recently, formic acid has started to be considered as a material for hydrogen storage, as it contains 
4.4 wt% of hydrogen, which could be evolved together with CO2 using catalysts. Formic acid is 
produced not only from fossil feedstock (natural gas, coal), but also from renewable sources, e.g. 
by low temperature hydrolysis/oxidation of biomass [12] or hydrogenation of CO2 [13] The 
reaction of formic acid decomposition could be performed in a liquid phase (at temperatures lower 
than 373 K) as well as in a gas phase (at higher temperatures) resulting in dehydrogenation (CO2 
and H2) or dehydration (CO and H2O) products (Fig. 1). Performing the reaction at high 
temperatures (>423 K) may lead to lower selectivities in the hydrogen production due to the 
reverse water-gas shift reaction (H2+CO2CO+H2O). Hence, selective catalysts for formic acid 
dehydrogenation at these conditions are highly demanded.  
Iwasa and Takezawa [1] considered formic acid as an intermediate in methanol steam 
reforming over Pd/ZnO catalysts. Formate species were observed on the Pd/ZnO catalyst surface 
in methanol steam reforming [7] and play a role of reaction intermediates or spectators. Formic 
acid and formates could be obtained in this reaction by hydroxylation/hydrolysis of formaldehyde 
and methylformate intermediates [1, 14]. Jeroro and Vohs [15] studied interaction of formic acid 
with Zn/Pd(111) surfaces by temperature programmed reduction (TPR) and high resolution 
electron energy loss spectroscopy (HREELS), while Yuan et al. [16] investigated the same system 
by a density functional theory (DFT) modeling. However, to our knowledge formic acid 
decomposition has been studied only recently by Kriegel et al. [17] over Pd/ZnO, but not over 
Pt/ZnO catalysts. Evidently, more research in this field is needed taking into account that this 













 An important feature of the Pd/ZnO system is that ZnO is reduced by hydrogen in the 
presence of Pd nanoparticles at moderate temperatures (up to 673 K) resulting in PdZn alloy 
nanoparticles [2, 8, 18, 19] of homogeneous or core-shell type [8]. The presented paper is devoted 
to a study of the reactivity of PdZn alloy nanoparticles in vapor phase formic acid decomposition. 
We compared a behavior of Pd/ZnO catalysts reduced at 573 and 773 K with behaviors of 
Pd/Al2O3 and Pt/ZnO catalysts. An interaction of formic acid with some catalysts was controlled 
by DRIFTS in situ to determine species formed on the catalyst surfaces. An estimation of a mean 
size of metal nanoparticles was performed for all catalysts using high angle annular dark field/ 
scanning transmission electron microscopy (HAADF/STEM). In addition, the formation of PdZn 
alloy particles was confirmed by X-ray diffraction (XRD), X-ray photoelectron spectroscopy 
(XPS) and diffuse reflectance infrared Fourier transform spectroscopy (DRIFTS) of adsorbed CO. 
 
2. Experimental 
2.1. Synthesis of 2% Pd/Al2O3 and 2% Pd/ZnO 
Al2O3 (Aldrich, 99.5%) and ZnO (Aldrich, 99.9%) with BET surface areas of 150 and 8 
m/g, respectively, were used as received. Poly(N-vinyl-2-pyrrolidone) (PVP, Aldrich, MW 
~55,000) stabilized Pd nanoparticles were synthesized ex situ as following. PVP (0.277 g) and 1-
ascorbic acid (0.156 g, Aldrich, 99%), which acted as a reducing agent, were dissolved in 15 ml 
of water at 368 K. An aqueous solution (5 ml) of PdCl2 (0.088 g, Fluka, ≥99 %) and NaCl (0.058 
g, Fluka, 99.5%) was added under constant agitation (∼500 rpm). The solution color changed 
instantaneously from brown to black indicating Pd reduction and formation of a colloid. The 
colloidal solution was kept under agitation at 368 K for 3 h, cooled down to room temperature, 
mixed with 75 ml acetone and left for 12 h. The colorless supernatant liquid was decanted, and the 
black viscous residue was dissolved in water to give a homogeneous and stable Pd(PVP) colloidal 













impregnation using calculated amounts of the prepared Pd colloidal solution. Then, the materials 
were dried in air at ambient temperature and calcined for 2 hours at 773 K to remove PVP. Finally, 
the catalysts were reduced by hydrogen (10% vol. H2 in Ar, 340 ml·min
−1) at 573 K for 2 hours.  
2.2. Synthesis of 1% Pd/ZnO and 1.2% Pt/ZnO  
The Pt catalyst was prepared as following: a calculated amount of a 0.128 M aqueous 
solution of hexachloroplatinic acid (H2PtCl6, Aldrich, 40% Pt) was added to 100 ml of an aqueous 
suspension of ZnO (10 g) and the mixture was stirred for 24 hours at room temperature. Then, the 
solid was filtered out, washed with water and dried in air at room temperature. The Pd catalyst was 
prepared following the same procedure using an aqueous solution of PdCl2(HCl) as a metal 
precursor. The materials were reduced by hydrogen (10 vol.% H2 in Ar, 340 ml/min) at 573 or 773 
K for 2 hours.  
2.3. Catalytic activity  
The measurements of the catalyst activity in vapor phase formic acid decomposition were 
carried out in a fixed-bed flow reactor as described in refs [20, 21]. The catalysts (0.035 or 0.070 
g) were placed in a quartz tube reactor with an internal diameter of 4 mm. All the samples were 
additionally reduced in 1 vol.% H2/Ar at 573 K for 1 h and cooled in He to a reaction temperature 
prior to testing. In some cases, a higher reduction temperature (773 K) was used for this (in situ 
reduction). A mixture of 2 vol.% formic acid/He at a total flow rate of 51 cm3 (STP) min-1 was 
then introduced into the reactor using a syringe pump (Sage). The reactants and products were 
analyzed by a gas chromatograph (HP-5890) fitted with a Porapak-Q column and a thermal 
conductivity detector. At each temperature, a few measurements were performed to be sure in 
reaching of steady-state activity (Fig. S1). As the formation of products different from those 
indicated in Fig. 1 was negligible, the conversion of formic acid was determined as the sum of CO 
and CO2 concentrations related to the initial concentration of formic acid.  













A SpectraTech-0030 DRIFTS in situ cell fitted with ZnSe windows was used for the 
infrared spectroscopy measurements. The cell mounted in a Nicolet Magna 560 FT-IR 
spectrometer with a mercury cadmium telluride detector was attached to the gas-flow system used 
for catalytic measurements. The same catalyst pre-treatments, gas compositions and flow rates 
were used. A catalyst sample (0.03 g) to be examined was placed in the sample holder of the cell, 
reduced by hydrogen and cooled down in a He flow. Then, single beam scanning was carried out 
at certain temperatures to provide background spectra for the subsequent in situ catalytic 
measurements as it was described by us earlier [22]. A 2 vol.% formic acid/He mixture was then 
introduced into the cell at 333 K and absorbance spectra were recorded as a function of time until 
stable spectra were obtained (30 min). Then, the formic acid/He mixture was replaced by pure He 
and the temperature was increased. The recording of spectra was repeated at higher temperatures. 
 2.5. Characterization 
DRIFTS of adsorbed CO was performed on the reduced catalysts as we described earlier 
[23]. After introduction of a 2.5 vol.% CO/He mixture into the infrared cell at 333 K, a few spectra 
were taken by averaging of 64 scans with 2 cm-1 resolution during 10 min. The flow was then 
switched back to He and the spectra were recorded again. 
STEM images were taken with a JEOL JEM-2100F (200 kV) microscope supplied with an 
HAADF detector. A mean size of metal nanoparticles was calculated by averaging the diameters 
of more than 150 particles. XRD measurements were performed using a Panalytical Empyrean X-
ray diffractometer equipped with Ni-filtered Cu-Kα radiation (=1.5418 Å). XPS study was 
performed with a Kratos AXIS Ultra DLD spectrometer using monochromatic Al-Kα radiation 
(h=1486.58 eV) and a fixed analyzer pass energy of 20 eV; the binding energy scale was 














3. Results and Discussion 
3.1. Characterization of the catalysts 
Table 1 presents the catalyst pre-treatments and the mean particle sizes determined by 
STEM. STEM images of the 2% Pd/ZnO and 2% Pd/Al2O3 catalysts are shown in Fig. 2. It is seen 
that the mean Pd nanoparticle size does not depend significantly on the support and corresponds 
to 9.8 and 8.2 nm, respectively. This is explained by the fact that the same batch of preformed PVP 
stabilized Pd nanoparticles was used in the preparation of the catalysts (see Experimental). This is 
probably the main factor determining the Pd nanoparticle size distributions, which are very similar 
(Fig. 2). The 20% bigger mean particle size in the Pd/ZnO catalyst as compared to the Pd/Al2O3 
catalyst could be explained by the formation of PdZn alloy nanoparticles and a smaller surface 
area of the support.  
The 1% Pd/ZnO catalyst prepared through ionic precursor adsorption demonstrated a lower 
mean particle size (6.5 nm) as compared to the 2% Pd/ZnO catalyst (9.8 nm) after the same 
reductive treatment (573 K). The hydrogen treatment of the catalyst at a higher temperature (773 
K) led to significantly bigger nanoparticles (11.6 nm). As compared to the 1% Pd/ZnO catalyst, 
the 1% Pt/ZnO catalyst prepared through ionic precursor adsorption demonstrated a much smaller 
mean particle size of 2.3 nm, which increased to 5.9 nm with the increase of the reduction 
temperature (Table 1). 
XRD patterns of the 2% Pd/ZnO sample after the reaction performed after reduction at 573 
or 773 K were taken at ambient conditions to elucidate the state of Pd. They are shown in Fig. 3. 
It is seen that Pd is present only in the state of PdZn particles. The PdZn alloy peaks are broader 
after the reduction at the lower temperature (573 K) than those after the reduction at the higher 
temperature (773 K). This indicates to a smaller crystallite size in the former case. The main zone 
where the peaks of metallic Pd are expected is indicated in Fig. 3. The performed XRD 













exclude that small Pd clusters may exist and provide very broad peaks which cannot be 
discriminated on the XRD patterns. Earlier, Iwasa et al. [1, 10] showed that transformation of Pd 
into PdZn alloy in a Pd/ZnO catalyst takes place at about 673 K, which is by 100 K higher than 
the lowest temperature used by us. However, it should be taken into account that the reduction in 
their studies was performed in a TPR mode (5 K/min), while we reduced for 2 h at 573 K. A higher 
concentration of Pd in their work (10%) may also complicate the reduction. 
The same Pd/ZnO samples were studied by XPS to elucidate their surface composition. 
The spectra of the Pd 3d region are shown in Fig. 4. Generally, the shapes of the Pd spectra remind 
those presented in refs [6, 9]. The Pd spectra can be presented as a combination of three states: 
metallic Pd0, PdZn alloy and Pd2+ in Pd(II) oxide. The reasons of the presence of metallic Pd on 
the surface of the samples cannot be elucidated from this study, because it should be taken into 
account that the samples were in contact with ambient air for a long time and were not reduced in 
the spectrometer before the measurements. Such prolonged contact with air can lead to some 
decomposition of the PdZn alloy [6] to ZnO and Pd which can be further partially oxidized to PdO. 
An analysis of the XPS and Auger spectra of Zn (Fig. S2) did not allow elucidating the state of 
Zn, which is related to the PdZn alloy, because of the low concentration of the alloy as compared 
to the concentration of Zn in the support. Hence, the characterization of the surface layer of 
Pd/ZnO catalysts should be performed in situ or at least after in situ reduction of the samples. 
 Therefore, CO adsorption on Pd surface sites controlled by DRIFTS was performed after 
in situ reduction to confirm the formation of a PdZn alloy in the 2% Pd/ZnO catalyst (Fig. 5). The 
obtained spectra were compared with those of the 2% Pd/Al2O3 sample measured at the same 
conditions. The spectra recorded for the Pd/Al2O3 catalyst remind those reported recently by 
Murata et al. [24]. A weak band at 2060 cm-1 observed after CO adsorption corresponds to CO 
adsorbed on single Pd atoms located on the edges of Pd nanoparticles [25]. The weakness of this 













of 8.2 nm in this sample (Table 1). On contrary, in the Pd/ZnO catalyst, where the formation of a 
PdZn alloy takes place, a very intensive line at about 2080 cm-1 corresponding to CO adsorption 
on single Pd sites surrounded by Zn atoms is observed. The spectrum is very close to the spectra 
published earlier for other Pd/ZnO systems, where the PdZn alloy formation is confirmed by XRD 
and XPS [2, 6].  
The region at 1850-1990 cm-1 corresponds to CO adsorbed on multiple Pd atom sites 
situated on the metal nanoparticle surface, starting from hollow sites implying several Pd atoms 
(wavenumbers lower than 1920 cm-1) up to double coordinated Pd sites (wavenumbers at 1920 
cm-1 and higher). A prominent difference between the Pd/ZnO and Pd/Al2O3 catalysts is also 
observed in this region. For the former catalyst, the contribution of single and double coordinated 
Pd sites is stronger indicating a higher concentration of Pd sites with this coordination in the 
Pd/ZnO catalyst. This could be explained by a strong dilution of surface Pd atoms with Zn atoms 
due to a PdZn alloying leading mainly to the formation of single Pd sites and some amount of 
double coordinated Pd sites. Weilach et al. [26] have shown that Pd atoms can be located in rows 
on the surface of the PdZn alloy forming bridged CO adsorbed on two Pd atoms except of CO 
adsorbed on a  single Pd atom. 
Basing on the performed characterization, the mean particle sizes seen by TEM (Table 1) 
for the Pd/ZnO and probably Pt/ZnO samples should be assigned to alloy particles but not to 
particles of pure noble metals. This is not the case of the unreduced 1.2% Pt/ZnO catalyst treated 
in air (last row, Table 1), where pure Pt nanoparticles are detected by STEM. The characterization 
of the ZnO and Al2O3 supported Pd catalysts by CO probe adsorption indicates that despite the 
close mean Pd particle sizes measured by STEM (Table 1), the nature of the Pd surface sites in 
these catalysts is very different as a result of the PdZn alloy formation in the Pd/ZnO samples. 














The reduced 2% Pd/ZnO and 2% Pd/Al2O3 catalysts were treated with a formic acid vapor 
at 333 K and DRIFTS spectra were recorded during 30 min. Then, after switching to a He flow, 
spectra were taken during 4 min at different temperatures. The spectra are shown in Fig. 6 and 7. 
The lines at and near 1775 cm-1 indicate th presence of gaseous formic acid. Formic acid condensed 
(physically adsorbed) in support pores is also observed (2940, 1735-1715, 1210 cm-1). The latter 
was quickly removed from the Pd/ZnO catalyst by a He flow at 333 K as the surface area and pore 
volume of the support was small. At the same time, it was still seen in the Pd/Al2O3 catalyst (1715, 
1210 cm-1) after 30 min in a He flow (333 K) due to the high support surface area. CO adsorption 
bands were not observed. As we will show below, CO is almost not formed in the reaction with 
formic acid over the Pd/ZnO catalyst, while for the Pd/Al2O3 catalyst the spectra of adsorbed CO 
are too weak even in the presence of gas phase CO over the catalyst (Fig. 5). 
The bands at 2880-2896, 1580-1590 and 1390-1400 cm-1 are assigned to bidentate formate. 
Earlier, Noto et al. [27] reported the same IR bands for bulk Zn formate (Zn(OOCH)2) and for the 
interaction of formic acid with ZnO at 363-403 K. They showed that about 30 layers of formate 
are formed at the conditions quite similar to ours (10 Torr of formic acid and 363 K). Recently, 
Kriegel et al. [17] confirmed the production of bulk Zn formate during interaction of formic acid 
with a Pd/ZnO catalyst. The formation of Zn formate is accompanied by evolution of large 
amounts of water and the reaction can be presented in the following form (1): 
2HCOOH + ZnO  Zn(OOCH)2 + H2O.              (1) 
Thus, the formate species detected for the Pd/ZnO catalyst are related mainly to transformation of 
the ZnO support into the Zn formate. Noto et al. [28] did not report that bulk Al formate can be 
formed from interaction of formic acid with alumina. Hence, for the Al2O3 based catalyst, a 
formate is formed only on the surface of the support. As the surface area of the ZnO support is by 













bands on two catalysts can be explained by the formation of bulk formate for ZnO based catalyst 
and only surface formate for the Al2O3 based catalyst. 
Wu et al. [29] reported that the following reaction (2) may take place on the alumina 
surface: 
HCOOH + -AlOH -AlOOCH + H2O.              (2) 
In accordance, it is seen in Fig. 6 and 7 that the bands for hydroxyl groups at 3727 and 3600 cm-1 
for the Pd/Al2O3 and Pd/ZnO catalysts, respectively, are negative. The different intensity of the 
negative hydroxyl groups is explained by different surface areas of the supports. 
Another type of, probably, formate species (1613-1670, 1318-1400 cm-1) is also seen in the 
spectra. The formation of carbonate species was not expected at 333 K, as no formic acid 
dehydrogenation took place at this temperature as will be shown below. Additionally, there are no 
bands in the regions at 1400-1500 cm-1 and at about 1230 cm-1 typical for some carbonate species.  
 It is interesting that the intensities of the bidentate formate bands for the Pd/ZnO catalyst 
strongly decreased by about 50% in a He flow with time and temperature (Fig. 8) indicating 
formate decomposition, while no degradation of the formate bands (2895, 1613, 1580 cm-1) was 
observed for the Pd/Al2O3 catalyst. Hence, the formate species observed on the Pd/Al2O3 catalyst 
are mainly spectators located on the support. Their decomposition may take place at higher 
temperatures. In the case of the Pd/ZnO catalyst, decomposition of formate species could 
contribute to product formation in the formic acid decomposition reaction. Ranganathan et al. [7] 
observed formation of formate species in methanol steam reforming on a Pd/ZnO catalyst by 
DRIFTS. This implies that for the both reactions the same species are formed on the catalyst’s 
surface. 













Temperature dependences of formic acid conversion recorded for the 2% Pd/ZnO, 2% Pd/Al2O3 
catalysts prepared with PVP and ZnO support are shown in Fig. 9a. The reaction over the ZnO 
support starts to be detectable only at 520 K. The reaction over the 2% Pd/ZnO and 2% Pd/Al2O3 
catalysts is observed at about 393 K and the complete conversion is reached at about 530 K. At 
low temperatures (<480 K), the difference between the catalysts is not important. At higher 
temperatures, the conversion over the 2% Pd/Al2O3 catalyst is higher than that over the 2% Pd/ZnO 
catalyst. The 50% conversion was reached at 480, 510 and 573 K over the 2% Pd/Al2O3, 2% 
Pd/ZnO catalysts and ZnO support, respectively. The calculated formic acid consumption rate over 
the 2% Pd/ZnO catalyst was 8 µMol/(g s) at 503 K. This value is comparable to the methanol 
consumption rate (20 µMol/(g s)), obtained by Ranganathan et al. [7] for methanol steam 
reforming over a 2% Pd/ZnO catalyst at the same temperature. The rates of formic acid 
decomposition are also comparable to those obtained by Eblagon et al. [6] for methanol steam 
reforming on a 4.7% Pd/ZnO catalyst at 453 K.  
Strong difference was observed for the selectivities of hydrogen production (Fig. 9b). The 
selectivity over the ZnO support was not high (<70%) as compared to those demonstrated by the 
Pd catalysts. It reached 98.8 % over the Pd/ZnO catalyst, while over the Pd/Al2O3 catalyst it was 
noticeably lower and reached only 91.1%. The difference could be explained by a positive role of 
the PdZn alloy formation directing formic acid decomposition to dehydrogenation. For the Pd/ZnO 
catalyst, at high formic acid conversions at about 553 K, formation of methanol traces was 
observed. This could be a result of the CO2 hydrogenation reaction [9].  
It would be interesting to estimate whether the equilibrium of the water-gas shift reaction 
determines the selectivity. We performed the calculations of the selectivity based on the 
assumption that the water-gas shift reaction is in fast equilibrium using an equation [30]:  













where K is the equilibrium constant of the water-gas shift reaction, calculated basing on the 
equation presented in the Supporting information file. The resultant values of the selectivity are 
shown in Fig. 9(b) where they are compared with the experimental data. It can be seen that the 
experimental selectivities are different from the equilibrium values at least at high temperatures. 
For the Pd/ZnO catalyst, they are higher and for the Pd/Al2O3 catalyst and ZnO support, they are 
lower than the equilibrium values. At low temperatures the calculated selectivity values are close 
to the ones for the Pd/ZnO catalyst, but it should be taken into account that neither the water-gas 
shift reaction [31, 32] nor the reverse water-gas shift reaction [9, 32, 33] take place over similar 
catalysts at about 400 K. This analysis indicates that the water-gas shift equilibrium does not 
determine the selectivities over the catalysts studied. The products of dehydrogenation and 
dehydration of formic acid are obtained from formic acid mainly in parallel routes in the studied 
range of conditions, however, some contribution of the above mentioned reactions may not be 
excluded similarly to the case of the methanol steam reforming [32, 33]. 
 In order to check whether it is possible to increase the selectivity by increasing the 
temperature of the catalyst reductive pre-treatment, the 2% Pd/ZnO catalyst was tested after the 
reduction at 573 and 773 K (in situ reduction). Fig. S3 shows that the conversion–temperature 
dependences are close in this case, but the maximum hydrogen selectivity determined at about 473 
K increases from 98.8% (573 K) up to 99.3% (773 K) (Table 1). Only a few Au catalysts are 
reported to show such high selectivities [34, 35]. Thus, the Pd/ZnO catalysts provide very selective 
formic acid dehydrogenation, which could be used, for example, in some transfer hydrogenation 
reactions of organic compounds instead of molecular hydrogen at about 470 K.  
Accepting first order dependence, reaction rate constants for the formic acid decomposition 
were calculated and plotted as the Arrhenius plots (Fig. 10). The corresponding apparent activation 
energies (Ea) were calculated from these plots. Thus, the Ea value measured over the Pd/Al2O3 













equal to 167 kJ/Mol. Similar values were reported by Shido et al. [36, 37] for decomposition of 
formate species formed on ZnO through interaction of hydroxyls with CO (155 and 171 kJ/Mol) 
and Boucher et al. [38] for methanol steam reforming over ZnO (160 kJ/Mol). This fact may 
indicate that decomposition of formate species implying C-H bond scission is the rate determining 
step of both formic acid decomposition and methanol steam reforming over ZnO. In accordance, 
Noto et al. [27] confirmed using isotopes that the rate determining step in formic acid 
decomposition over ZnO is decomposition of formate species present on the ZnO surface.  
It is important that incorporation of Pd into ZnO leads to a significant decrease of the Ea 
value by a factor of 3 (55 kJ/Mol) and provides a much higher activity of the Pd/ZnO catalyst as 
compared to ZnO. Kriegel et al. [17] reported even lower values for formic acid decomposition 
over different Pd/ZnO systems (32-53 kJ/Mol). Pd is known as a good catalyst for the C-H bond 
scission. The range of Ea values reported for methanol steam reforming over various Pd/ZnO 
catalysts is quite broad (48-120 kJ/Mol) [2, 14] and covers our values measured for formic acid 
decomposition. The Ea values depend on composition of the catalyst and reaction conditions. 
 
3.4. Catalytic properties of the 1% Pd/ZnO and 1.2% Pt/ZnO samples 
Since the 1% Pd/ZnO catalyst was prepared without PVP, the first high temperature oxidative pre-
treatment (773 K) was avoided. The catalyst reduced by hydrogen at 573 and 773 K was tested in 
formic acid decomposition in comparison to the similarly prepared 1.2% Pt/ZnO catalyst. The 
obtained conversion–temperature dependences are shown in Fig. 11. The maximal selectivities 
towards hydrogen achieved are listed in Table 1. It is seen that the Pd catalysts are much more 
active than the Pt catalysts. Interesting is that the behavior of the catalysts does not depend on the 
temperature of the reductive pre-treatment despite the difference of two times in the mean particle 
size (Table 1). For the 2% Pd/ZnO sample prepared with PVP the same feature was observed (Fig. 













reforming by at least three teams of researchers [3-5, 7]. Ranganathan et al. [7] did not find a 
change in methanol conversion over a 2% Pd/ZnO catalyst with an increase of the catalyst 
reduction temperature from 453 to 773 K. At the same time, the selectivity to CO2 increased from 
60 to about 100%. Dagle et al. [5] found that the methanol conversion over 0.5% and 2% Pd/ZnO 
catalysts was independent on the catalyst reduction temperature in the range from 623 to 848 K, 
while over a 10% Pd/ZnO catalyst it slightly decreased. Karim et al. [3] found that a 7.4% Pd/ZnO 
catalyst reduced at 673 K (mean particle size - 34 nm) and 523 K (mean particle size - 9 nm) 
provided the same methanol conversion. To explain this effect the authors [3, 4] supposed that 
either the reaction is structure-sensitive or that a ZnO support plays a key role in the reaction rate 
determining step. They preferred the second explanation.  
The support surface area does not change much with the reduction temperature. Hence, if 
the rate determining step takes place on ZnO active sites, the conversion should not depend on the 
PdZn particles size. The role of Pd could be, for example, in providing hydrogen through formic 
acid dehydrogenation for hydrogen assisted decomposition of formates present on the support 
surface. In accordance, Shido et al. [36] reported a significant increase of the reaction rate for 
formate decomposition over ZnO (by 8-10 times) and a decrease of the apparent activation energy 
promoted by hydrogen.  
The selectivities of the hydrogen production over the 1% Pd/ZnO and 1,2% Pt/ZnO 
samples increased with the catalyst reduction temperature as in the case the 2% Pd/ZnO sample 
(Fig. S3). The selectivities increased from 96.5 and 95.3% for the 1% Pd/ZnO and 1.2% Pt/ZnO 
samples reduced at 573 K, respectively, to 98.0 and 96.3% for the samples reduced at 773 K, 
respectively (Table 1). The Pt sample pre-treated in air showed the lowest selectivity among the 
Pt samples (Table 1). This sample was reduced before the reaction at the mildest conditions (573 













The hydrogen selectivity measured over the 2% Pd/Al2O3 catalyst was the lowest among 
all studied catalysts. The reverse water-gas shift reaction catalyzed by the Pd/Al2O3 could decrease 
the reaction selectivity, while it is not so important in the case of the Pd/ZnO catalyst. Bahruji et 
al. [9] noted that the formation of a PdZn alloy reduced CO and H2O production through the 
reverse water-gas shift reaction as compared to pure Pd. Additionally, Lebarbier et al. [33] showed 
that the turnover frequency of the reverse water-gas shift reaction decreased significantly with the 
metal particle size implying a decrease of the contribution of this reaction and an increase of the 
hydrogen selectivity with the catalyst reduction temperature. This was observed for both methanol 
steam reforming [1, 3, 5, 7] and formic acid decomposition (Table 1). Hence, it is preferable to 
use relatively big PdZn alloy crystallites (>10 nm) supported on ZnO to provide a high rate with a 
high selectivity to hydrogen.  
 
4. Conclusions 
This is one of the first studies related to the gas phase formic acid decomposition over Pd/ZnO 
catalysts. For this reaction, the Pd/ZnO catalysts provided a very high selectivity to hydrogen (up 
to 99.3%) at about 473 K. This was assigned to the formation of a PdZn alloy during the reductive 
pre-treatment of the catalysts and can be used for transfer hydrogenation reactions over these 
catalysts. The activity of the Pd/ZnO catalysts was significantly higher than those of the Pt/ZnO 
catalyst and ZnO support, but it did not differ much from that of the Pd/Al2O3 catalyst. The formic 
acid conversion over the Pd/ZnO and Pt/ZnO catalysts did not depend on the catalyst reduction 
temperature, despite the mean PdZn or PtZn particle size determined by STEM increased 
significantly. At the same time, the hydrogen selectivity increased with the catalyst reduction 
temperature. This behavior reminded the behavior of Pd/ZnO catalysts in methanol steam 
reforming. An in situ DRIFTS study indicated that during the interaction of formic acid with the 













Pd/ZnO catalyst, the conversion of these formate species was observed at the temperatures close 
to those of the reaction implying that they may participate in the reaction. This study is also 
important for understanding of the reaction mechanism of methanol steam reforming, which could 
involve the formation and decomposition of formate species catalyzed by PdZn alloy 
nanoparticles. However, this requires further investigations. 
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Fig. 8. A normalized intensity of the formate line (1590 cm-1) for the 2% Pd/ZnO catalyst in a He 
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Fig. 9. a) Conversion-temperature and b) selectivity-temperature dependences for the studied 
catalysts (0.035 g). A calculated curve for the selectivity is presented accepting fast establishment 
of the equilibrium for the water-gas shift reaction.  
Fig. 10. Arrhenius plots for the rate constants of the formic acid decomposition accepting first 
order kinetics. 
Fig. 11. Conversion-temperature dependences for the studied catalysts (0.07 g). Red line – 1% 




















Fig. 1. Reaction scheme of the catalytic formic acid decomposition. 
 
 
Fig. 2. STEM images and particle size distributions of the a) 2% Pd/ZnO and b) 2% Pd/Al2O3 



































































Fig. 3. XRD patterns of the 2% Pd/ZnO catalyst after the reaction. The sample was reduced in 
hydrogen before the reaction at 573 or 773 K as indicated. 
 
Fig. 4. XPS spectra of the Pd 3d region for the 2% Pd/ZnO catalyst after the reaction. The sample 
was reduced in hydrogen before the reaction at 573 or 773 K as indicated. 
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Fig. 5. DRIFTS spectra of adsorbed CO taken at 333 K in the 2.5% CO/He flow and in He after 
that. 
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Fig. 6. DRIFTS spectra of the 2% Pd/ZnO catalyst in the 2% formic acid/He flow at 333 K and 
after that in He at different temperatures. 
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Fig. 7. DRIFTS spectra of the 2% Pd/Al2O3 catalyst in the 2% formic acid/He flow at 333 K and 
after that in He at different temperatures. 
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Fig. 8. A normalized intensity of the formate line (1590 cm-1) for the 2% Pd/ZnO catalyst in a He 
flow as a function of temperature. 














































Fig. 9. a) Conversion-temperature and b) selectivity-temperature dependences for the studied 
catalysts (0.035 g). A calculated curve for the selectivity is presented accepting fast establishment 
of the equilibrium for the water-gas shift reaction.  
 


















































































Fig. 10. Arrhenius plots for the rate constants of the formic acid decomposition accepting first 
order kinetics. 
 
Fig. 11. Conversion-temperature dependences for the studied catalysts (0.07 g). Red line – 1% 
Pd/ZnO catalysts, green line – 1.2% Pt/ZnO catalysts. Reduction temperatures are indicated. 
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Table 1 Catalysts used, mean particle sizes and maximal selectivities of hydrogen production in 
formic acid decomposition 
Catalyst  Pre-treatment  
Mean metal  
particle sizea, nm  
Selectivity, % 
2% Pd/Al2O3  
773 K, air 2 h,  
573 K, 10% H2/Ar 2 h  
8.2±3.3  91.1±0.3 
 
2% Pd/ZnO  
 
773 K, air 2 h,  




1% Pd/ZnO  573 K, 10% H2/Ar 2 h  6.5±2.2  96.5±0.1  
1% Pd/ZnO  773 K, 10% H2/Ar 2 h  11.6±4.1  98.0±0.1  
1.2% Pt/ZnO  573 K, 10% H2/Ar 2 h  2.3±0.5  95.3±0.5  
1.2% Pt/ZnO   773 K, 10% H2/Ar 2 h  5.9±2.0  96.3±0.5 
1.2% Pt/ZnO  873 K, air 3 h 5.0±1.7  93.1±0.5  
a measured by TEM, b after in situ reduction at 773 K (Fig. S2) 
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